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ABSTRACT 
Reflectance f r o m  vegetation increases with increasing vegetation 
density i n  t h e  0.75- t o  1.35-pm wavelength interval .  Therefore, 
ERTS-1 bands 6 (0.7 t o  0.8 m) and 7 (0.8 t o  1.1 pm) contain 
information t h a t  should r e l a t e  t o  t h e  probable y i e l d  of crops and 
t h e  animal carrying capacity of rangeland. 
ref lectance from vegetation i s  typica l ly  less from vegetation than 
from bare s o i l  and is essent ia l ly  constant in t h e  v i s i b l e  wavelengths 
as vegetation density increases ; consequently, the  decreased response 
observed i n  ERTS bands 4 (0.5 t o  0.6 pm) and 5 (0.6 t o  0.7 pm) as 
vegetation increases is mainly caused by vegetation obscuring s o i l  
reflectance.  The r a t i o  of band 5 t o  band 7 (5/7) or band 7 minus 
band 5 (7. 6 and 7,  p r a c t i c a l  indica- 
t o r s  of VI r users of ERTS-1 data. 
On the  other  hand, 
The N s u l r a  or an e x p e r r n i e r i L  uesrgneu spec i f ica l ly  t o  tes t  t h e  
r e l a t i o n s  among l e a f  area index (LAI), plant  population, p l a n t  
cover and p l a n t  height,  and t h e  ERTS-1 MSS responses f o r  3 corn, 
10 sorghum, and 10 cotton f i e l d s  are also given. 
only one ERTS-1 pass (May 27, scene 1308-16323) yielded MSS data  
and t h a t  for only bands 4, 5, and 6. The coeff ic ient  for t h e  
l i n e a r  cor re la t ion  between LA1 and band 6 d i g i t a l  counts was 
0.823** for t h e  10  cotton f i e l d s  and 0.841** f o r  t h e  combined 
sorghum and corn f ie lds .  
and band 6 minus band 5 d i g i t a l  counts was 0.888** f o r  cotton 
f i e l d s  and 0.768** f o r  t h e  corn and sorghum f ie lds .  The four  
p lan t  parameters explained 87 t o  93% of the  v a r i a b i l i t y  i n  t h e  
band 6 d i g i t a l  counts and from 59 t o  90% of t h e  var ia t ion  i n  
bands 4 and 5. Plant  population was as useful as LA1 f o r  char- 
a c t e r i z i n g  t h e  sorghum and corn fields, and p lan t  height was as 
good as LA1 f o r  character iz ing cotton f i e lds .  
general ly  support t h e  u t i l i t y  of ERTS-1 data f o r  explaining v a r  
i a b i l i t y  i n  green biomass, harvestable forage and other  indica- 
tors of productivity.  
Because of clouds, 





The ear th’s  vegetation i s  one of its most valuable resources. 
are  the  t raceable  source of most of t he  food and f i b e r  needed by humans 
and other  animals, and p a s t  generations of p l an t s  provide the energy 
reserves of coal  and petroleum t h a t  concern us today. 
intimately involved i n  t h e  hydrologic and energy balances of t h e  ear th .  
Net ass imilat ion,  or dry matter production, by vegetation is r e l a t e d  t o  
t h e  number and photosynthetic area of leaves. Fortunately, t h e  s p e c t r a l  
response observed when viewing vegetation from space is dominated by t h e  
leaves. 
worth examining i n  terms of vegetation cover, vegetation densi ty ,  and 
other product ivi ty  ind ica to r s  of range, f o r e s t ,  and crop land. 
P l an t s  
Plants  are a l s o  
Thus t h e  s p e c t r a l  response of vegetation i n  t h e  ERTS-1 data  is 
Agr i cu l tu ra l i s t s ,  f o r e s t e r s ,  and range s c i e n t i s t s  use various parameters 
t o  ind ica t e  t h e  vegetation densi ty  o r  p o t e n t i a l  productivity of vegeta- 
t ion.  Foresters use t r e e  g i r t h ,  crown diameter, tree height,  leaf area 
index, and timber volume, 
animal carrying capacity ( ac re s  o r  hectares required t o  maintain an ani- 
mal year  round). Ecologists use estimates of biomass. Agr i cu l tu ra l i s t s  
use l e a f  area index (LA11 , percent ground cover, p l an t  height ,  p l an t  pop- 
ulat ion per  u n i t  ground area, and o the r  measures of vegetation condi- 
t ions.  
Range s c i e n t i s t s  use harvestable forage and 
The purposes of t h i s  paper are (a )  t o  point  out t h e  information avai l -  
able t o  ERTS users  about vegetative cover and densi ty  i n  t h e  ERTS-1 
mult ispectral  scanner (MSS) da t a  and (b) t o  r epor t  da t a  r e l a t i n g  t h e  MSS 
response t o  leaf area index (LA1 1, p lan t  population, ground cover, and 
plant height. 
LITERATURE REVIEW 
ERTS-1 bands 4, 5 ,  and 7 color  composites y i e l d  images with color  tones 
similar t o  those of co lo r  i n f r a red  photographic f i l m .  
(1966, 1967) and S t a n h i l l  e t  al. (19731, respect ively,  have shown t h a t  
l i g h t  ref lectance from cotton and wheat f i e l d s  is strongly a f f ec t ed  by 
the amount of p l an t  material o r  percent ground covered by the  vegeta- 
t ion.  I n  t h e i r  s t u d i e s ,  l i g h t  transmission of co lo r  i n f r a red  f i l m  
accounted f o r  75 and 49% of t h e  va r i a t ion  i n  cotton l i n t  and wheat g ra in  
yields ,  respectively.  
Von Steen, Learner, and Gerbermann (1969) found s t a t i s t i c a l l y  s i g n i f i c a n t  
correlat ions among preharvest  y i e l d  ind ica to r s  (open b o l l s ,  number of 
plants ,  percent ground cover, p l an t  height ,  weight p l a n t  material p e r  
p l o t )  and o p t i c a l  density of  a e r i a l  i n f r a red  f i l m  for cot ton,  g ra in  sor- 
ghum, c a r r o t s ,  cabbage, and onions. 
Thomas e t  al. 
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Stoner, Baumgardner, and Cipra (1972) r e l a t e d  t h e  LA1 of corn t o  t h e  
r a t i o  of v i s i b l e  and r e f l e c t i v e  infrared channels of aircraft o p t i c a l  
mechanical scanner da ta  on two f l i g h t  dates  i n  July.  
data  f o r  t h e  two f l i g h t  dates yielded a coeff ic ient  of determination, 
R2, of 0.968 between L A I ,  t h a t  ranged from 0 to  4, and the  r a t i o  of two 
MSS channels (1.0 - 1.4 ~m/0.61 - 0.70 pm). 
The combined MSS 
Pearson and Miller (1972) developed and tested both a two-channel ra t io-  
ing technique and a mult ispectral  pa t te rn  recognition technique t o  com- 
pare s p e c t r a l  biomass estimates of grassland with biomass values taken 
from clipped plots .  
greater than 95% with a two-channel s p e c t r a l  r a t i o  method using a small 
hand-held ri ! variat ion i n  biomass values 
taken from c ie could be explained by t h e  
airborne MSS iemasu ( I n  Press)  found t h a t  
t h e  ratio ol i5  closely followed crop growth 
and developrll=irL ~ I I U  LUIALAUUCU c i i a c  A b  nuv d good indica tor  O f  s o i l  
exposure and crop maturity. 
Biomass estimates were made with an accuracy 
A number of p r a c t i c a l  appuca t ions  or m e  ZRTS-1 da ta  t o  determining 
vegetation types and amounts, or seasonal e f fec ts  w e r e  previously 
reported ( Freden, Mercanti , and Becker , 1973). 
and DeGloria (1973) obtained information f r o m  t h e  ERTS-1 scenes of 
Cal i fornia  on t h e  d is t r ibu t ion ,  y ie ld ,  condition and a v a i l a b i l i t y  of 
forage. Seevers and D r e w  (1973) ident i f ied  gross differences i n  forage 
density and range condition within given range si tes i n  t h e  sand h i l l s  
of Nebraska, nputer-aided interpreta-  
t i o n s  t o  C l i  its i n  t h e  Houston area. 
Dethier (19' f a l l  vegetation senescence) 
could be rel md Mississippi Valley 
corr idors  aru uuKK=u LSU ay=wAA y..-..w-vzical events such as crop 
maturity and r spec i f ic  si tes and possibly 
e n t i r e  regior 
For example, Carneggie 
 Heath and P a r k e r  (1973) used cor 
i s s i f y  timber stands and range p l a  
73) reported t h a t  t h e  brown wave (: 
adi ly  detected i n  t h e  Appalachian i 
m a  r . . . . . . . .s -~~a +h=+ ens-; F i  n h m n n l  nt 
PRINCIPLES 
The Wavelengths of l i g h t  tnat  are errecrive for  photosynthesis cover the 
i n t e r v a l  from 0.4 t o  0.7 p. Bands 4, 5, 6 and 7 of t h e  ERTS-1 MSS 
correspond t o  t h e  s p e c t r a l  i n t e r v a l s  0.5 t o  0.6, 0.6 t o  0.7, 0.7 t o  0.8, 
and 0.8 t o  1.1 urn, respectively.  
ref lectance of leaves i n  terms of t h e  number of l e a f  layers  is given i n  
Fig. 1, taken from Allen and Richardson (19681, except t h a t  t h e  ERTS-1 
MSS bands have been superimposed. Notice that  i n  t h e  0.75- t o  1.35-m 
i n t e r v a l ,  t h e  reflectance of vegetation is very high and t h a t  t h e  
s i g n a l  s t rength  increases as t h e  number of leaf layers ,  or t h e  vegeta- 
t i o n  densi ty ,  increases. 
responses, and t o  a lesser extent  band 6 responses, should c lear ly  
ind ica te  differences i n  vegetation density. 
Laboratory d a t a  on t h e  s p e c t r a l  
This finding indicates t h a t  ERTS-1 band 7 
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There is a one-to-one correspondence between y i e l d  and vegetation 
density of crops grown fo r  hay o r  forage. 
seed, f r u i t ,  r oo t s ,  o r  f i b e r ,  t he re  is usually a close co r re l a t ion  
between p o t e n t i a l  production and p l a n t  vigor. 
non-stressed p l an t s  develop l a r g e r  and more dense canopies and y i e l d  
b e t t e r  than those growing under suboptimal conditions. 
For p l an t s  grown f o r  t h e i r  
Axiomatically, healthy 
The ERTS-1 responses can be  r e l a t e d  t o  t h e  s t age  of crop development. 
Spectral  crop calendars useful  i n  temporal analyses are possible  
(Steiner ,  1970; Lauer, 1971). 
r e l a t ed  t o  percent ground cover, p l a n t  height o r  other  crop parameters 
t h a t  are correlated with ref lectance.  
The ERTS-1 responses can a l s o  be  d i r e c t l y  
F i g u r e  1 a l s o  shows t h a t  i n  t h e  i n t e r v a l  0.5 t o  0.75 p, t h e  r e f l ec t ance  
from vegetation i s  v i r t u a l l y  the  same regardless of t h e  number of layers  
of leaves i n  t h e  p l an t  canopy. 
syn the t i c  p o t e n t i a l  of green p l an t s  can not be deduced d i r e c t l y  from t h e  
photosynthetically a c t i v e  wavelengths. 
plants  t h a t  decrease chlorophyll  content may be detectable ,  compared with 
healthy p l an t s ,  because chlorophyll  is a s t rong  absorber of v i s i b l e  
l ight .  
deviations from healthy p l an t s .  
are less vigorous than healthy p l an t s  as manifested by fewer leaves o r  
f o l i a r  discolorat ion (Wiegand , Gausman , and Allen, 1972 1. 
t ion about p l a n t  densi ty  in fe r r ed  from t h e  r e f l e c t i v e  in f r a red  bands 6 
and 7 and t h e  information about p l an t  pigmentation obtained from bands 4 
and 5 complement each other. 
The implication here is t h a t  t h e  photo- 
Physiological disturbances i n  
Thus, t h e  ERTS-1 bands 4, 5, and 6 are valuable t o  help i d e n t i f y  
P l a n t s  with physiological  disturbances 
The informa- 
In ERTS-1 bands 6 and 7, t h e  observed r e f l ec t ance  of  t h e  s o i l  background 
is  usual ly  less than t h a t  o f  vegetation whereas i n  bands 4 and 5 it is 
typ ica l ly  greater than t h a t  of vegetation. 
and 5 wavelengths, t h e  s o i l  background dominates t h e  s i g n a l  up t o  a 
f a i r l y  high vegetative cover. 
Therefore, i n  ERTS-1 band 4 
Because t h e  ERTS-1 MSS s i g n a l s  recorded f o r  va r i ab le  ground cover condi- 
t i ons  (vegetation densi ty  conditions) are a mixed s i g n a l  f o r  s o i l  and 
vegetation, t h e  r a t i o  of  band 5 t o  band 7 (5/7) or band 7 minus band 5 
(7-5) are p r a c t i c a l  i nd ica to r s  of vegetative cover and densi ty  f o r  users  
of ERTS-1 data. The decreased radiance observed i n  ERTS-1 bands 4 (0.5 
t o  0.6 Vm) and 5 (0.6 t o  0.7 Vm) as vegetation densi ty  increases  i s  
mainly caused by t h e  increasing amount of s o i l  obscured by the vegeta- 
tion. 
Vegetation densi ty  is a l s o  dependent on s t a g e  of t h e  growing season, o r  
time of t h e  year. Deciduous trees shed t h e i r  leaves i n  f a l l  but  conifers 
r e t a i n  t h e i r s .  Thus t h e  two are b e s t  contrasted when t h e  deciduous trees 
are dormant. 
senescence (brown wave) can be assessed f o r  n a t u r a l  s t ands  of  p l a n t s  and 
cul t ivated perennials.  
tored and be in t e rp re t ed  i n  r e l a t i o n  t o  majar weather events such as 
freezes, drought, and r a i n f a l l  d i s t r ibu t ion .  
The progress of t h e  vernal  advance (green wave) and f a l l  
Development of  annual crops can a l s o  be moni- 
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Figure 2 p re sen t s  t h e  observed r ad iomet r i c  response of t h e  MSS bands 4, 
5, and 6 for  one corn and two sorghum f i e l d s  i n  ERTS-1 scene 1308-16323 
t h a t  had ground cover of 55, 90, and 90% and LA1 of  2.46, 4.08, and 6.92. 
Also shown is t h e  spectrum f o r  ba re  s o i l  (Mercedes c lay) .  
( P o t t e r ,  1972; conversion factors from d i g i t a l  counts t o  rad iances  are 
.19528, ,15748, ,13858, and .24286 for bands 4, 5, 6 ,  and 7, r e s p e c t i v e l y )  
decrease i n  bands 4 and 5 with inc reas ing  vegetation dens i ty ,  expressed as 
M I ,  or with  t h e  inc reas ing  amount of s o i l  obscured by t h e  p lan ts .  
rad iances  i n  band 6 are i n  t h e  o rde r  of LAI. The missing band 7 rad iances  
should be about t h e  same or s l i g h t l y  h ighe r  than those  for band 6 ,  bu t  
un l ike  band 6 they should be pure r e f l e c t i v e  i n f r a r e d  responses  and not a 
mixture of v i s i b l e  and Eflect ive inf ra red  signals. The band 6 radiances 
do y i e l d  s p e c t r a  similar i n  shape t o  t h e  da t a  for s tacked  leaves measured 
wi th  a l abora to ry  spectrophotometer given i n  Fig. 1. The rad iance  values 
f o r  b a r e  s o i l  were obta ined  from a bare  f i e l d  close t o  t h e  grain sorghum 
f i e l d s  i n  t h e  ERTS-1 scene. ComDared wi th  o ther  ERTS-1 scenes, t h e  r ad i -  
ance i n  band i€ c u l a r  bare f i e l d  represented  i n  
Fig. 2.  
The rad iances  
The 
6 i s  h :h f o r  t h e  p a r t i  
THEORY 
Allen and Richardson (1968) appl ied  t h e  Kubelka-Munk theory  t o  reflec- 
t ance  of l i gh .  m t  canopies and produced t h e  equation 
f o r  p r e d i c t i n g  leaf area index ( M I )  o f  plant canopies  from t h e i r  reflec- 
t ance  measured remotely. The equation app l i e s  over  t h e  reflective infra-  
r e d  p l a t e a u  wavelength i n t e r v a l ,  0.75 t o  1.35 pm. I n  eq. C11, R is t h e  
canopy reflectance, Rg is t h e  r e f l e c t a n c e  of t h e  s o i l  background, and a 
and b are o p t i c a l  cons tan ts  t h a t  have been determined for  many p l a n t s  
(Gausman and Allen, 1973 ; Allen,  Gausman , Richardson, and Wiegand, 1970 ; 
Gausman e t  a l . ,  1973). 
A completely d i f f e r e n t  to ta l  reflectance model i n  terms of fractional 
p l a n t  cover  can be expressed by 
wherein RT i s  t o t a l  r e f l e c t a n c e ,  Rc is vegeta t ion  canopy reflectance, Rg 
is s o i l  background r e f l ec t ance ,  and f is an i n d i c a t o r  of  p l a n t  dens i ty ,  
such as, pe rcen t  ground cover ,  LAI,  or p l a n t  height .  
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upon rearranging eq C21, 
C31 
Comparing eq. C31 with t h e  standard l i n e a r  regression model 
% = a  + a l f  
0 
C41 
i t  i s  seen t h a t  
Rg = a 0' 
(Rc-Rg) = a S O  t h a t  Rc = a + a 
t h e  ref lectance in t e rcep t  when f = 0, and 
1 0 1' 
Rc i s  the  ref lectance c h a r a c t e r i s t i c  of t he  crop o r  p l an t  community t h e  
data a r e  from. I f  f is  expressed i n  LAI, then it is  the  r e f l ec t ance  of 
the canopy with a leaf a rea  index of unity.  
it is the  ref lectance of t h e  canopy when ground cover is 1%. 
ERTS-1 MSS s igna l s ,  RT is a mixed s i g n a l  f o r  t he  vegetation and s o i l  back- 
ground. 
the regression coe f f i c i en t  (Rc-Rg) i d e n t i f i e s  t h e  rate of change of reflec- 
tance per  u n i t  change i n  f .  
A s  shown i n  Fig. 1 and discussed by Wiegand e t  a l .  (19711, t h e  r e f l ec t ance  
of vegetation i n  t h e  v i s i b l e  region (ERTS-1 bands 4 and 5)  is v i r t u a l l y  
the same f o r  leaves one l aye r  deep o r  stacked i n  enough l aye r s  t o  insure 
i n f i n i t e  r e f l ec t ance ,  ROD (Allen and Richardson, 19681, and usual ly  lower 
than t h a t  of s o i l .  
once t h e  s o i l  is  obscured, and (Rc-Rg) i n  eq. [3] should be small  and 
negative. 
vegetation density increases  up t o  a LA1 corresponding t o  F&,, requir ing 
that  (Rc-Rg) be pos i t i ve .  
RT and R c  are expressed i n  t h e  ERTS-1 MSS s i g n a l  by t h e  d i g i t a l  counts Of 
the system-corrected d i g i t a l  tapes ,  by t h e  da t a  expressed as radiance 
(Pot ter ,  1972), o r  as a normalized response r e l a t i v e  t o  t h e  d i g i t a l  count 
maximum (127 f o r  bands 4, 5, and 6 and 63 f o r  band 7) f o r  each band. 
Calibration of t h e  MSS da ta  d i r e c t l y  i n  terms of r e f l ec t ance  needed f o r  
eq. [l] is not ava i l ab le  t o  t h e  authors. 
I n  p r a c t i c e  ERTS-1 data  users  w i l l  want t o  express t h e  MSS responses i n  
terms of q u a n t i t i e s  t h a t  a r e  highly co r re l a t ed  with reflectance--dry 
matter production, biomass, L A I ,  percent  ground cover, e.g. 
r e l a t ion  i s  ca l ib ra t ed  f o r  a p a r t i c u l a r  crop, p l a n t  community, o r  eco- 
system of in te res t ,  the ERTS-1 da ta  should be expressible  d i r e c t l y  i n  t h e  
productivity estimator of i n t e r e s t  t o  t h e  user. Atmospheric condi t ions 
that  vary from one ERTS-1 pass t o  another should s h i f t  t h e  d a t a  along t h e  
axes f o r  any one band, but should no t  g r e a t l y  affect t h e  r e l a t i v e  posi-  
t ion of the  data  points  t o  each other.  
I f  i n  percent ground cover, 
In the  
The s implif ied model presented enables one t o  estimate Rg, and 
Thus RT should be v i r t u a l l y  constant f o r  vegetat ion 
I n  the  r e f l e c t i v e  in f r a red ,  however, RT should increase as the 
Once t h e  
If differences between two bands 
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are used, such as band 7 minus band 5, atmospheric i n t e r f e rence  effects 
are reduced possibly permitt ing pooling of data from multiple ERTS-1 
passes f o r  analysis.  
as 4/5, o r  both mainly i n  t h e  infrared,  as 6/7, should minimize atmos- 
pheric  interference e f f e c t s  i n  t h e  absence of random noise s i n c e  both 
numerator and denominator would be s imi l a r ly  affected by atmospheric 
a t tenuat ion.  
A r a t i o  of responses i n  bands both i n  t h e  v i s i b l e ,  
METHODS 
ps t o  compare with ERTS-: 
t r u t h s  are meaningful i i  
n s i s t  of observations of 
t -  nrrrrnt  mnitnd rnvsaw 1 
Data being presented i n  t h i s  paper a r i s e  from two d i f f e r e n t  sources. 
One source is the  ground t r u t h  t h a t  has been taken t o  support t he  ERTS-1 
analysis  e f f o r t  f o r  one whole county. I t  was taken t o  (a)  have w e l l -  
documented f i e l d s  t o  judge t h e  accuracy of ERTS-1 c l a s s i f i c a t i o n  r e s u l t s  
aga ins t ,  ( b )  Drovide s t a t i s t i c a l  estimates of t h e  acreages devoted t o  
various c r o  
what ground 
The data  c o  
p l an t  heigh- ,  =----..- 
p lan t  maturity,  and observations on t h e  gel?eral condition of t h e  crop, and 
stresses i n  four  in t e rpene t r a t ing  samples located throughout t h e  county. 
Almost 150 
1 estimates,  and (c )  help e s t a b l i s h  
n terms of t h e  ERTS-1 s p e c t r a l  data. 
t h e  s o i l  surface condition, species ,  
___.._ - -__ ~y t h e  crop and by weeds, s t a g e  of 
10 f i e l d s  a re  involved. 
source of data  is an experimer 
f i c a l l y  t o  determine t h e  l ea f  
n r o h i i m .  and lf7 rntfnn f i . = l d o  c 
~- - 
;e-sized p l an t s  were cut  off  a t  
ach f i e l d ,  t he  leaves were rem0 
lined using a photoelectr ic  plan 
ited f o r  each p l an t  and sampling 
' t h e  leaves t o  the  ground area 
ly d e f i n i t i o n ,  LAI. 
The o the r  
1973 spec i  
10 g ra in  s - - ~  ..-.., _._ _ _  _ _  ___.  __-__- >elected from t h e  1500 f i e l d s  t o  
have a range i n  plant ing dates ,  hence crop maturity, over s e v e r a l  ERTS 
passes. The ove ra l l  Dumose was t o  test eq. C11 using t h e  ERTS-1 data. 
Ten averag ground l e v e l  at  each of e igh t  
si tes i n  e ved, and t h e  area of each leaf 
was d e t e m  imeter. The area of t h e  leaves 
was cumula 
of area of occupied by the  plants .  This 
r a t i o  i s  b 
i t  conducted i n  t h e  sp r ing  of 
area index (LA11 of 3 corn, 
si te and expressed as t h e  r a t i o  
The number of p l an t s  p e r  10  m segments of row w a s  determined on four  
adjacent rows at  each of  e i e h t  locat ions i n  each f i e l d  t o  e s t ab l i sh  the 
p l a n t  population and hence t h e  LA1 c h a r a c t e r i s t i c  of each f i e l d .  The LA1 
determination was t o  be repeated each 2 w e e k s  i n  each f i e l d  between April  
and June t o  insure data  near ERTS-1 overpasses. 
power requirement f o r  LA1 determinations and heavy r a i n f a l l  prevented 
maintenance of  t h e  schedule. 
However, t h e  l a rge  man- 
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The procedure used t o  determine t h e  percent of ground covered by the  p l a n t  
canopies d i f f e red  depending upon whether t h e  crop p l an t s  produced a s o l i d  
canopy (bare  s o i l  exposed only i n  t h e  inter-row area) o r  an open canopy 
(bare s o i l  v i s i b l e  through t h e  canopy as w e l l  as i n  t h e  inter-row area). 
For t h e  s o l i d  canopy crops, such as cotton and thick s tands of corn and 
Sorghum, t h e  bare s o i l  width (BW) and row spacing (RS) were measured. 
de f in i t i on ,  BW i s  the  width of t he  bare  s o i l  showing between t h e  leaf 
canopies of adjacent crop rows, and RS is the  average spacing between crop 
rows. For t h e  s o l i d  canopy t h e  percent crop cover is calculated from 
these measurements using 
BY 
(RS kBW 100 = percent cover 
where Rs and BW are measured i n  cm. 
For t h e  open canopy crops--such as onions, immature cantaloupe, and corn 
and sorghum planted t o  low p lan t  populations--the "open" canopies were 
considered s o l i d ,  and t h e  above formula was used t o  determine the  percent 
cover. Then a subject ive estimate was made of t h e  percent open spaces i n  
the leaf canopy by looking downward on them and t h i s  percentage was sub- 
t r ac t ed  from t h e  estimate calculated by t h e  formula t o  obtain an estimate 
of ac tua l  cover 
The computer compatible d i g i t a l  tapes  (CCT) from t h e  National Data Pro- 
ducts F a c i l i t y  (NDPF) were displayed on a cathode ray tube ( C R T ) ,  and a 
coordinate system was overlain t o  a id  i n  loca t ing  t h e  f i e l d s  of i n t e r e s t  
i n  the CCT. 
nates of t h e  f i e l d s  and sample segments of i n t e r e s t  were t r ans fe r r ed  t o  a 
secondary tape.  
p r i n t e r  and were intensively s tudied t o  e s t a b l i s h  f i e l d  locat ions and 
f i e l d  boundaries. 
ground resolut ion elements, within t h e  test f i e l d s  were averaged f o r  
each MSS band. 
The d i g i t a l  data  corresponding t o  t h e  approximate coordi- 
These data  were displayed as gray maps using a l i n e  
The d i g i t a l  counts f o r  t h e  p ixe l s ,  o r  instantaneous 
The space data were used as (a)  d i g i t a l  counts,  ( b )  radiance 
(mw/cm2-sr-pm) using t h e  conversion f a c t o r s  provided by P o t t e r  (19721, o r  
(c) pseudo-reflectance by r a t i o i n g  t h e  CCT d i g i t a l  counts by t h e  maximum 
possible count (127 f o r  bands 4, 5,  and 6 and 63 f o r  band 7). 
100 
RESULTS 
Due t o  excessive clouds, da ta  are avai lable  f o r  only three  ERTS-1 passes, 
Dec. 16, 1972, Jan. 21, 1973, and May 27, 1973, corresponding t o  scene 
I .D. 1146-16323 , 323, respectively.  The May 27 
scene is t h e  on$ 
f o r  t h i s  scene dl "venetian blind" effect i n  them 
and are  not  useable. I I I ~ :  n u r r  ~a r-r;ur#Atizing t h i s  scene. 
are avai lable;  ERTS band 7 data  
e n t  t h e  r e l a t i o n  bc - - -  .. ._ - Figures  3a and 3b pres  counts, t h e  Sand 6 minus band 5 d i g i t a l  count difference,  and the r a t i o  of 
d i g i t a l  counts i n  bands 5 and 6 (5/6) separately f o r  t h e  combined grain 
sorghum and corn f ie lds  and f o r  the  cotton f ie lds .  LA1 of sorghum and 
corn account for  67.7% ef  t h e  var ia t ion  i n  band 6 d i g i t a l  count, 59% of 
the  var ia t ion  i n  t h e  6-5 difference.  and 45.2% of t h e  var ia t icn  :n +I,. 
band 5/6 r a t i o .  Thus b, i o r  t o  t h e  differer  
t h e  r a t i o  of v is ib le - to  
etween LA1 and band 6 d i g i t a l  
and 6 alone is super 
- infrared response. 
n ,  the;, t h e  band 6 minus band 5 d 
of vegetation density. 
I.. *.. C..b 
Ice, and t o  
For t h e  cotton f i e l d s ,  a quaarar ic  equar;ion was used t o  f i t  t k  
and t h e  band 6 minus band 5 opt ica l  count difference but a liI lca.  c:cluaLAun 
was f i t t e d  t o  t h e  5/6 r a t i o  data. 
var ia t ion i n  d i e i t a l  counts using band 6, 6-5, and 5/6, respec+;-1-r 
For c o t t o  i g i t a l  counts were 
ind ica tor  
LA1 explains 83%, 90%, and 78% of t h e  
r - -  - - - ~ -  ~ ---- -______ 
and must contribute useful  infc 
suggest t h a t  crops o r  p lan t  comr 
region might be s p e c t r a l l y  .. "cal: _ .  
. -  




the  bes t  




3 1 .,CPC 
The sorghum ana corn pranrs averageu Y V  c;Iii high and were apprc 
canopy development, whereas t h e  cotton plants averaged only 37 cm i n  height 
and were a t  o r  very near first bloom stage of development. 
a l s o  d i f f e r  considerably i n  growth habi t  or archi tecture .  
sorghum display t h e i r  long curved leaves i n  umbrella fashion, whi 
cotton p l a n t s  are conical and t h e i r  leaves are  hel iotropic .  Sucl 
ter is t ic  d7ffPrPncnn heln to discriminate among crops and p lan t  
s p e c t r a l l y  mnation f o r  tex ture  anorra==. 
They a l s o  I 
locale  or : 
one o r  more times during t h e  year;  ident i f ica t ions  i n  subsequent years 
would be b Lalibration so t h a t  extensive ground t r u t h  would 
be unneces 
Most invesr igarors  UYB t h e  ERTS-1 MSS d i g i t a l  counts as provided by t h e  
NDPF system-corrected CCT. 
equations f o r  t h e  regression of CCT d i g i t a l  counts (DC)  on LAI. 
ton,  t h e  quadrat ic  equation explained a s t a t i s t i c a l l y  s i g n i f i c a n t  amount 
of variance over t h e  l i n e a r  equation, bu t  it d id  not f o r  sorghum. 
equations f o r  band 6 are repeated from Figs.  3a and 3b but  t h e  equations 
f o r  bands 4 and 5 are presented anew. 
The p lan ts  
Corn and grain 
nunities t y p i c a l  of a given 
ibrated" against  t h e  ERTS-1 data  




The sorghum and corn p l an t s  obscured the  s o i l  so t h e  co r re l a t ion  i n  t h e  
v i s i b l e ,  where responses are due mainly t o  s o i l ,  are poor. 
both t h e  exposed s o i l  and the  vegetation yielded an appreciable signal SO 
t ha t  co r re l a t ion  coe f f i c i en t s  i n  both t h e  v i s i b l e  and in f r a red  are s i g n i f -  
icant at 0.01 p robab i l i t y  l eve l .  The improvement i n  f i t  f o r  cot ton using 
a quadratic expression is appreciable,  and suggests t h a t  a more compli- 
cated physical  model is required when p lan t  cover is incomplete. Three 
considerations a r e  sun angle as it affects t h e  length of shadows cast by 
the  p l an t s  , row d i r ec t ion ,  and row spacing. 
LA1 is only one measure t h a t  a p i c u l t u r a l i s t s  use t o  ind ica t e  vegetation 
density.  The simple co r re l a t ions  between LA1 and p lan t  population (POP; 
plants per 40 meters of  row), percent ground cover (PC), and p l an t  height 
(PHI are given i n  t a b l e  2 as w e l l  as t h e  multiple regression equations 
expressing LA1 as a function of t h e  o the r  p l an t  parameters. 
i s  most highly co r re l a t ed  with PH (0.783) and least co r re l a t ed  with p l a n t  
population (0.382), whereas LA1 of sorghum and corn is most highly corre- 
la ted with p l an t  population (0.829) and least co r re l a t ed  with PH (0.165). 
These da t a  seem t o  ind ica t e  t h a t  d i f f e r e n t  p l a n t  parameters are needed t o  
character ize  d i f f e r e n t  crops. 
For the cot ton,  
LA1 of cot ton 
Any use fu l  p l an t  and s o i l  parameters f o r  character iz ing crop, range, and 
fo res t  scenes must necessar i ly  account f o r  most of t h e  va r i a t ion  i n  t h e  
MSS data.  Table 3 surmnarizes regression equations produced r e l a t i n g  t h e  
CCT d i g i t a l  counts t o  t h e  vegetation ground t r u t h s :  LAI, p l a n t  population 
(POP), p l an t  cover (PC) , and p lan t  height (PH). 
As expected, t h e  p l an t  parameters explain more of t h e  va r i a t ion  i n  d i g i t a l  
counts i n  t h e  r e f l e c t i v e  in f r a red  than i n  t h e  v i s ib l e .  The regression 
coeff ic ient  f o r  t h e  population term was zero f o r  sorghum and corn i n  
bands 4 and 5 ,  causing t h i s  var iable  t o  be dropped from t h e  estimating 
equation. 
shown i n  t a b l e  2 caused p l an t  population t o  contr ibute  nothing t o  the  
estimation of t h e  d i g i t a l  counts t h a t  was not explained by LAI. This 
finding has p r a c t i c a l  consequences. 
by counting s t a l k s  a t  a number of locat ions i n  f i e l d s ,  o r  it can be esti-  
mated from the  amount of seed planted pe r  hectare.  Determination of LAI, 
on the o the r  hand, is laborious and t h e  p l an t s  are destroyed i n  t he  pro- 
cess. Thus i f  p l an t  population s u f f i c e s  t o  character ize  corn and sorghum 
f i e l d s  i n  terms of LA1 and ERTS-1 radiances,  ver i fying ground t r u t h  is 
easy t o  obtain. O f  course,  t h e  p l a n t  population remains constant once 
a crop s tand is establ ished.  
sured by s a t e l l i t e  would change from one s a t e l l i t e  pass t o  another as t h e  
plants  develop. 
remain i n  t h e  same r e l a t i v e  pos i t i on  t o  each o the r  as t h e  p l a n t  populations 
do. 
(several  ERTS passes ) . 
If there is a good r e l a t i o n  between p l a n t  population o r  ERTS radiances and 
yields ,  a procedure is suggested f o r  determining t h e  optimum population on 
a regional bas i s .  
adopted by growers. 
Evidently the high co r re l a t ion  ( r  = 0.829) between LA1 and POP 
P l a n t  population is easy t o  determine 
The p l a n t s  would grow and the  radiances mea- 
However, t h e  radiances f o r  a given set of f i e l d s  would 
Thus one population count should be good f o r  a whole growing season 
Then one can work t o  ge t  t h e  optimum population widely 
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A s  shown i n  t a b l e  2 ,  PH f o r  cotton was highly correlated with LAI .  
Coefficients f o r  the  l i n e a r  cor re la t ion  of LA1 and PH with DC calculated 
i n  a r r iv ing  a t  t h e  equations of t a b l e  3 were: 
Band 4 Band 5 Band 6 
DC 
- .769* -. 825** + .925** 
The s i m i l a r i t y  among correlat ion coeff ic ients  for t h e  cor re la t ion  of LA1 
and PH w i t h  DC i n  a l l  bands and t h e  very high coef f ic ien t  f o r  t h e  correla- 
t i o n  of DC 
t u t e  f o r  Lk 
development 
The 93.4% and 87.3% (R- x 1001 or t n e  var ia t ion i n  d i g i t a l  counts explained 
i n  band 6 f o r  cotton and t h e  combined sorghum and corn, respect ively,  by 
t h e  p lan t  parameters used t o  character ize  t h e  crops ind ica te  t h a t  
( a )  c h a r a c t e r i s t i c s  of t h e  vegetation a re  mainly responsible f o r  t h e  
recorded ERTS-1 s i g n a l s ,  and (b)  usefu l  plant  parameters are avai lable  f o r  
t h e  crops s tudied.  
he p o s s i b i l i t y  t h a t  PH can subs t i -  
'om and e a r l y  f r u i t  set  periods of 
ram1;mn nnn nhinntive nf this F 
LA1 from t h e  ERTS MSS data.  Tab 
Id b ,  defined by Gausrnan and A l l e  
rhey are calculated from absolute 
tained spectrophotometrically on 
given f o r  "sorghum and corn" are 
crops. 
A s  s t a t e d  c,,,,, , _..- "-,----.- __ _..__ ;tudy was to  test  eq. C11 f o r  
predict ing le 4 gives t h e  o p t i c a l  con- 
s t a n t s  a ax n (19731, needed t o  solve 
eq. C11. 1 reflectance and transmittance 
spec t ra  obi leaves t y p i c a l  of t h e  crops. 
The values an average of values f o r  each 
of t h e  two 
Inspection of eq. E 1 1  shows t h a t  it is limited t o  conditions when the  
canopy re f lec tance  R is l a r g e r  than t h e  s o i l  background reflectance.  
Additionally,  t h e  last term becomes negative i f  'a' gets  very large. 
LA1 was calculated for  band 6,  using the  d i g i t a l  count observed i n  t h e  MSS 
data  divided by 127 t o  obtain a pseudo-reflectance of t h e  crop, R ,  and t h e  
in te rcept  of t h e  pseudo-reflectance a t  LA1 = 0 was used as t h e  ref lectance 
of t h e  s o i l  background. 
The c o e f f i c i e n t s  for t h e  l i n e a r  correlat ion of calculated LA1 with manually 
measured LA1 w e r e  high at  0.815** f o r  cotton and 0.872** f o r  sorghum and 
corn, respect ively.  However, t h e  calculated LA1 never exceeded 2.0. Thus 
t h e  pred ic t ions  of LA1 from eq C11 are n o t  sa t i s fac tory .  
I 
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The possible  reasons f o r  poor r e s u l t s  include ( a )  t h e  constants 'a' and 
'b' are i n  inappropriate u n i t s  f o r  t h i s  appl icat ion,  (b )  t h e  pseudo- 
reflectance used is inappropriately normalized, ( c )  band 7 MSS d a t a  should 
be used, (d )  t h e  ref lectance f o r  s o i l  estimated from t h e  i n t e r c e p t  a t  
f = o is too  high, ( e )  t he  t h e o r e t i c a l  requirements of t h e  equation 
(diffuse i s o t r o p i c  incident  r a d i a t i o n )  are not met, and ( f )  t h e  row 
pat tern of crops d i s t r i b u t e s  t h e  leaves nonuniformly against  t h e  back- 
ground. 
successfully applied t o  o the r  f i e l d  s tud ie s .  
Optical  constants derived from laboratory data  have been 
Ef fo r t s  t o  use eq. C11 w i l l  continue because of t h e  p o t e n t i a l  it has as a 
p r a c t i c a l  t o o l  f o r  deducing biomass or y i e l d  from ERTS-1 and o the r  remotely 
measured near-infrared reflectance. 
The second model proposed, t y p i f i e d  by eq. C31, was a l s o  applied.  
should describe t h e  physical  events b e t t e r  i n  t h e  v i s i b l e  (bands 4 and 5) 
than i n  t h e  in f r a red ;  i n  t h e  i n f r a r e d  it is t o o  simple t o  describe t h e  
multiply-reflected l i g h t  from successive leaf layers .  In  applying eq. C31 
t h e  d i g i t a l  counts from the  ERTS-1 da ta ,  RT, are p l o t t e d  aga ins t  any p l a n t  
parameter of interest such as f r a c t i o n a l  cover, L A I ,  or even p l a n t  height.  
Rg is t h e  i n t e rcep t  on t h e  RT axis when f r a c t i o n a l  ground cover, L A I ,  or 
height of t he  p l a n t s  of i n t e r e s t  is zero, t h a t  is, t h e  s o i l  is bare.  
Table 5 gives t h e  values of Rg, (Rc-Rg) and RT calculated f r o m  eq. C31 f o r  
each MSS band f o r  t h e  t h r e e  ERTS-1 scenes w e  have da ta  f r o m .  For t he  
May 27 pass ,  t h e  calculated % value i s  given as a function of LAI, but for 
t h e  o the r  two dates  as a function of percent ground cover. 
RT values increase from t h e  Rc value i n  t h e  in f r a red  bands as vegetation 
density increases  from LA1 = 1, but decrease i n  t h e  v i s i b l e  with increasing 
LA1 above 1. Even though LA1 f o r  t h e  cotton p l o t s  ranged up t o  3.0, t h e  
ground cover was only 1 8  t o  40%; consequently considerable s o i l  reflec- 
tance should be  recorded i n  the  ERTS s igna l s .  
t o  8.5 i n  t h e  sorghum and corn f i e l d s ,  but t h e  ground cover recorded ranged 
from 35 t o  90%. 
even for f i e l d s  with high LAI. 
The January 21, 1973, da ta  represent  28 vegetable f i e l d s  as follows: 
broccoli ,  2; c a r r o t ,  6; cabbage, 6; onion, 8; tomato, 3; l e t t u c e ,  1; b e e t ,  1; 
and spinach, 1. Ground cover ranged from 2 t o  90%. The December 16, 1972, 
data represent 106 vegetable f i e l d s  cons i s t ing  of crop and number of f i e l d s ,  
respect ively,  as follows: l e t t u c e ,  14; pepper, 5; tomato, 11; onion, 26; cab- 
k g r ,  La: C F W P C ~ ,  2 5 ;  k = ~ = ~ l i ,  5 ;  zx? k x ~ ,  I. Percent p G i d  c o \ i ~ i ~  of
these f i e l d s  ranged from 1 t o  100%. 
is negative on a l l  dates  for t h e  v i s i b l e  bands and p o s i t i v e  f o r  t h e  
r e f l e c t i v e  in f r a red  bands. 
I t  
The calculated 
The measured LA1 ranged up 
Consequently some so i l  ( o r  shadow) s i g n a l s  were included 
The regression coefficient (Rc-Rg) 
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g i t a l  count values f o r  t h e  May 27 ERTS-1 scene are higher than for 
?er two scenes. The predominant s o i l  type f o r  t h e  December 16 and 
I January 21 data  is Harlingen clay and other  heavy-textured a l l u v i a l  f lood 
p la in  s o i l s .  
from t h e  Rio G r a d e ,  which are as light-textured as f i n e  sandy loam. Local 
s o i l s  are generally more r e f l e c t i v e  t h e  coarser t h e  texture .  
with t h e  higher incident  s o l a r  rad ia t ion  i n  May than i n  December or January 
would account f o r  t h e  higher d i g i t a l  count values i n  t h e  scene i n  May than 
i n  t h e  winter month 
months f o r  vegetat i  
t o  more incident  so 
winter. 
gain is not a factor .  
In  summary, w e  have shown t h a t  the  ERTS-1 MSS data  do relate t o  vegetation 
density and p o t e n t i a l  productivity and t h a t  vegetation parameters explain 
most of t h e  var ia t ion  i n  band 6 and 7 responses. 
discussed two d i f f e r e n t  equations f o r  re la t ing  vegetation reflectance t o  
t h e  ERTS-1 MSS responses. We t r u s t  t h a t  operational methods f o r  assessing 
t h e  condition and animal carrying capacity of rangeland and t h e  y i e l d  of 
crops using mace data w i l l  incornorate Drocedures based on t h e  pr inc ip les  
presented. 
The May 27 data  were obtained f r o m  upland s o i l s  f u r t h e r  
This,  combined 
1 
values i n  May than the winter 
larger  d i g i t a l  counts being due 
! for ref lectance i n  May than i n  
For all scenes, t h e  EKTS-I MSS operated on l o w  gain,  hence Ms 
We a l s o  presented and 
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Table 1. Linear and quadratic equation regressions of ERTS-1 MSS 
digital counts (DC) on leaf area index (LA11 for bands 4, 
5, and 6, scene ID 1308-16323. 
Correlation 
Crop ( s ) Band Regress ion equation coe f f i ci ent -
Cot ton 4 DC = 43.8-3. 5(LAI) r = -0.746* 
DC = 47. 5-lleO(LAI)t2. 5(LAI) 2 R = 0.867** 
5 DC = 40.0-5.O(LAI) r = -0.856** 
R = 0.888n* DC = 42.6-10.3(LAI )tl. 8(LAI) 2 
6 DC 50.2+5.1(LAI) r = 0.823** 
R = 0.911*$$ DC = 45.5+14.4(LAI)-3.1(LAI) 2 
Sorghum & 
Corn 
4 DC = 42.9-0.9( LA1 ) r = -0,441 
5 DC = 38.8-1.5(LAI) r -0.464 
DC = 44.4+2.8(LAI) = 0.841*9$ 6 
**Statistically simificant at the 0.01 level. 
%Xatistically significant at the 0.05 level. 
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T a b l e  2. Simple c o r r e l a t i o n  c o e f f i c i e n t s  among LA1 and p l a n t  populat ion - 
I (POP), percent  cover (PC), and p l an t  he igh t  (PHI f o r  co t ton  
and f o r  g ra in  sorghum and corn, and LA1 expressed as a 
func t ion  of t h e  o the r  p l a n t  parameters. 
CROP 
POP PC PH 
(Plants/4Om of row) e, (cm) 
Cotton LA1 vs: 0.382 0.589 0.783** 
LA1 = -2.392-O.OOOO3(POP)tO.O2ll(PC)tO.O829(PH) 
R2 = 0.628 
Sorghum LA1 vs: 0.829** 0.555** 0.165 
t corn 
LA1 = 0.234+0.00 23( POP) to. 038(PC)-O. 0046( PH) 
R2 = 0.753 
109 
Table 3. D i g i t a l  c o u n t s  (DC) i n  ERTS-1 bands 4,  5 ,  and 6 as e s t i m a t e d  
from f o u r  p l a n t  parameters ,  LAI ,  p l a n t  p o p u l a t i o n  (POP), 
p e r c e n t  ground cover  (PC), and p l a n t  h e i g h t  (PHI. 
Crop Band Regress i on E q u a t  i on 
Cotton 4 DC = 47.51-2.215(LAI I-.  006(POP)+. 369(PC I-. 367(PH) 
5 DC = 48.4O-3.27O(LAI)-.OO9~POP)+.OO6(PC)-.l75~PH~ 
6 DC = 31.09+1.243( LA1 )+  .005( POP)+. 236(PC )+. 391( PH 
Sorghum 4 DC = 53.38-. 600( LA1 -. 034(PC I-. 098(PH) 
E corn  







6 DC = 45.93+3.09(LAI I- .  OOOOl(P0P)- .111(PC)+. 060(PH) .873** 
% i g n i f i c a n t  a t  t h e  0.01 l e v e l .  
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Table 4. Op t i ca l  cons t an t s  a and b for cot ton ,  sorghum, and corn needed 
1 t o  s o l v e  eq. [l] over  t h e  ERTS-1 MSS wavelengths. Eq. [l] 
a p p l i e s  best t o  t h e  r e f l e c t i v e  i n f r a r e d  wavelength 
i n t e r v a l  0.75 t o  1.35 m. 
Wave length  Cotton Sorghum and Corn 
rn a b a b 
I 
.50 10.1149 12.4133 7.2990 28.2740 
.55 8.3252 7.5888 5.9500 11.1809 
.60 12.4855 14.4815 7.9804 34.5618 
.65 13.0149 24.0333 9.8553 235.3162 
.70 3.1282 2.9818 3.5587 3.9962 



































































Table 5.  D i g i t a l  count va lues  of Rg, Rc,  and I$, c a l c u l a t e d  us ing  eq.[3] 
for ERTS-1 MSS bands 4,  5 ,  6 and 7 from t h r e e  ERTS-1 scenes. 
1 2 4 6 8 
D i g i t a l  Counts - - - - - - - - - - - -  
1 3  08 - 16 323 Cot t on  4 43.8 -3.5 40.3 36.8 29.8 -- -- 
5 40.0 -5.0 35.0 30.0 20.0 -- -- 
6 50.2 t 5 . 1  55.3 60.4 70.6 -- -- 
5/27/73 
Sorghum 4 42.9 -0.9 42.0 41.1 39.3 37.5 35.7 
5 38.8 -1.5 37.3 35.8 32.8 29.8 26.8 and Corn 
6 44.4 +2.8 47.2 50.0 55.6 61.2 66.8 
PC ( % I  - - - - - DC - - - - - 
10 20 40 60 80 
1182-16322 Vegetables 4 27.82 -.024 27.6 27.3 26.9 26.4 25.9 
1/21’73 ( 8  c rops ;  5 25.63 -.058 25.0 24.5 23.3 22.2 21.0 
28 6 20.69 t .180 22.5 24.3 27.9 31.5 35.1 
7 26.59 t .187 28.5 30.3 34.1 37.8 41.5 
U46-16323 Vegetables 4 31.35 -.037 31.0 30.6 29.9 29.1 28.4 
12/16/72 ( 8  crops; 5 28.60 -.065 27.9 27.3 26.0 24.7 23.4 
6 29.91 t .063  30.5 31.2 32.4 33.7 35.0 
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Fig. 1. Reflectance ( so l id  l i n e s )  and transmittance (dashed l ines )  of 
2 ,  LI, 6 ,  8 ,  stacked mature cotton leaves. 
theoretical;  the  c i rc l e s  are experimental. 
Richardson, 1968.  ) 
on leaf area index i n  ERTS bands 6 and 7 but not i n  bands 4 
and 5 .  
The l ines  are 
(Allen and 









Fig. 2. ERTS MSS bands 4, 5, and 6 radiometric response f o r  a corn, two 
sorghum, and a bare s o i l  f i e l d  with leaf area t o  ground area 
( l e a f  area index, LAI) of 2.46, 4.08, 6.92, and 0.0, respec- 
t i v e l y .  ERTS response i n  bands 4 and 5 is mainly due t o  t h e  
so i l  obscured by vegetation, whereas i n  t h e  r e f l e c t i v e  inf ra -  
r e d  vegetation dominates t h e  ERTS signals .  Note: Radiance of 
bars s o i l  is t h a t  observed i n  ERTS data  for lone bare f i e l d  
located near sorghum f i e l d s ;  i t s  radiance is believed t o  b e  
atypical ly  high by approximately 2 mw cm-2-sr-1-lJm-1. 
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Fig. 3a. Combinations of CCT d i g i t a l  counts (band 61, d i g i t a l  count 
differences (band. 6 minus band 5 ) ,  and d i g i t a l  count ratios 
(band S/hand 6) for sorghum and corn combined into one crop 
type and for cotton versus LAI. 
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Fig. a. LA1 of 10 cotton f i e l d s  versus band 6 d i g i t a l  counts and band 
6 minus band 5 count ctifferences. 
Y symbolizes d i g i t a l  counts and x symbolizes LAI. 
the percent of variation attributable to the re lat ion between 
LA1 and d i g i t a l  counts. 
In the regression equations 
R2x100 is 
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